Three different methods of estimating airborne bacteria were compared. An Andersen sampler, a slit sampler, an impinger, and filter samplers with gelatine filters or membrane filters were tested for collection efficiency. The comparisons were made in laboratory experiments with an aerosol of Staphylococcus epidermidis or Serratia marcescens, in field experiments in two different industries, i.e., cotton mill and sewage plant, and in experiments with skin fragment sampling. Experiments were also performed estimating the total number of viable microorganisms on the airborne particles. The Andersen sampler gave the highest bacterial counts in all environments tested. The slit sampler gave statistically lower counts only in the aerosol experiments and cotton mill experiments, where the size of the majority of the particles carrying visible bacteria was 2 to 6 Im or smaller. In the sewage plant and skin fragment experiments, where the particles were mainly 5 p,m or larger, the difference was not significant. The filters were efficient in sampling in skin fragment experiments only. With the agar impingement method, the total viable cell count showed a rising index value with increasing particle size. A mean of 13 bacteria was found per particle in the cotton mill, a mean of 24 in the sewage plant, and a mean of 147 in skin fragment experiments.
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Though airborne microorganisms are found in almost all environments, they do not normally present a health hazard to the exposed individual. In certain environments, such as hospitals, airborne infection is considered important and has been thoroughly investigated (4) . A number of industrial settings such as cotton mills and sewage plants (5, 6, 20) be obtained after the airborne aggregates of bacteria have been dispersed (12, 17) .
The aim of the investigation reported here was to test some commercially available samplers used to determine quantities of airborne bacteria and to evaluate their suitability for industrial environments contaminated with different kinds of microorganisms. Samplers were tested for collection efficiency in laboratory experiments, in skin fragment sampling, and under field conditions in different industries.
Experiments estimating the total number of viable microorganisms on the airborne particles in relation to the total viable particle number were performed in the different environments to determine the true exposure dose. (ii) Field experiments. Experiments were run in cotton mills and in a sewage plant; in these experiments, only gram-negative rods were sampled. Bacteria in cotton mills become airborne during the processing of raw cotton, which contains bacteria mainly originating from the cotton plant (21) . Sewage water contains primarily gram-negative rods, which become aerosolized when the sewage water is sprinkled or agitated.
(iii) Skin fragment experiments. Experiments with airborne skin fragments containing bacteria were performed in a specially designed chamber where the total count of aerobic bacteria originating from the skin flora was determined.
Estimation of total number of organisms (total viable cell count) compared with total viable particle number (CFU). The total number of microorganisms was estimated after the particles containing bacterial aggregates impacted on agar plates or trapped on filters had been dispersed. Experiments were run simultaneously with two Andersen samplers in environments with a high content of airborne bacteria. One Andersen sampler was handled as described above; the other was loaded with Exagar plates with a low concentration of agar (0.8%). After samling, the agar was cut up, mixed with physiological saline, and homogenized in a sterile Potter-Elheim homogenizer. The agar slurry was diluted, and 0.1-ml portions were inoculated onto the appropriate medium. The plates were incubated as described above, and the colonies were counted. This number was compared with the number of colonyforming units (CFU) estimated after incubating the agar plates directly after impaction.
Other experiments were run in the same environments with two filtration samplers. Filters from one sampler were placed directly onto the agar as described above. Filters from the other sampler were cut up and shaken in physiological saline with glass beads to break up the bacterial aggregates. Samples from serial dilutions of the fluid were inoculated onto agar plates. The bacterial counts were taken as the total number of microorganisms and compared with the number of CFU growing directly on the filters.
Fluids and agar plates were chilled to +10°C or less during transportation. In addition, all treatments of agar plates and filters were performed within 30 min after sampling to lessen the error caused by bacterial growth.
Experimental designs. (i) Aerosol experiments. These experiments were carried out in an aluminum exposure chamber with a volume of 37 liters (19) . The bacterial suspension was aerosolized with a Collison spray (19) , generating a known concentration of bacteria with more than 90% single-cell particles. The bacterial air samplers were placed inside the chamber and run simultaneously for 1 to 5 min. In some of these experiments the Andersen sampler was not used.
(ii) Field experiments. These experiments were performed in cotton mills and in a sewage plant. The samplers were placed roughly 1 m from the floor.
(iii) Skin fragment experiments. The sampling of bacteria carried on airborne skin fragments was performed in a chamber ventilated at the bottom through an absolute filter (Munktell AB) to make it bacteriafree. The air samplers were placed inside the chamber. With S. epidermidis, the Andersen sampler gave 15.7 ± 6.1 CFU per liter when all samplers were used simultaneously, which was significantly higher than all other samplers (P < 0.001). The slit sampler gave 10.1 + 5.1 CFU per liter, which was significantly higher (P < 0.001) than the impinger value of 6.3 ± 4.9 and the membrane filter value of 6.1 ± 4.4.
With S. marcescens, the Andersen sampler value was 4.2 ± 1.2 CFU per liter, which was significantly higher than the values, in CFU per liter, obtained by the other samplers: 2.0 + 0.6 with the slit sampler (P < 0.001, paired t-test), 3.2 ± 1.6 with the impinger (P < 0.05, paired ttest), and 0.8 + 0.8 with gelatin filters (P < 0.001, paired t-test). The membrane filter value of 0.07 ± 0.08 CFU per liter was less than that of the gelatin filter, although the difference was not statistically significant. Field experiments. Measurements in a cotton mill were performed with two Andersen samplers and a slit sampler (n = 14). The Andersen samplers gave 31.9 ± 9.3 and 34.9 ± 8.1 CFU per liter, which is significantly higher than the slit sampler value of 17.6 ± 8.7 CFU per liter (P < 0.001). The slit sampler value was 0.53 of the pooled Andersen sampler values. The impinger and filtration samplers were not used in the cotton mill.
In the sewage plant (n = 20), the Andersen sampler value (9.9 ± 4.1 CFU per liter) was significantly higher in both experiments than the bacterial count on the gelatin filters (0.3 ± 0.2; P < 0.001). The slit sampler value of 7.7 ± 2.9 CFU per liter was 78% of the Andersen sampler value. This difference was not statistically significant.
Skin fragment experiments. Table 1 shows results from the experiments sampling for skin fragments carrying bacteria. The number of airborne bacteria varied between 0.4 and 27.9 CFU per liter, as measured by the Andersen sampler, depending upon the test person used in the experiment. The slit sampler gave 0.78 of the Andersen sampler value, while the gelatin filter gave 0.66 and the membrane filter gave 1.2 times the value of the Andersen sampler. There were statistical differences (paired t-test) in sampling efficiency between the Andersen sampler and the gelatin filters (P < 0.001), between the slit sampler and gelatin filters (P < 0.02), and between the membrane filters and gelatin filters (P < 0.001).
Particle sizes. The mean size distribution of the particles containing viable bacteria from the different environments was measured by the Andersen sampler. In the aerosol experiments, 99% of the S. epidermidis and 98% of the S. marcescens were deposited on the last two stages, which sample particles of approximately 2 ,um or less (1).
The majority of the particles containing viable gram-negative bacteria in the cotton mill fell within the size range of 2 to 6 ,um (47%). In the sewage plant, the particles containing gramnegative bacteria were slightly larger: 62% were 5 ,um or larger, and 30% were between 2 and 6 ,um. Of the particles collected in the skin fragment experiments, 48% of those containing bacteria were 8.2 p.m or larger.
Total number of organisms compared with total particle number. The results from the experiments in which the sampled aggregates of bacteria were broken up before plating are presented as the mean index of sampled and separated bacteria in relation to the CFU per liter value measured by the Andersen sampler at the same time (total number of viable organisms per total viable particle number). The bacterial counts -after the aggregates had been dispersed were 13 times the Andersen sampler control count in the cotton mill, 24 times higher in the sewage plant, and 147 times higher in the skin fragment experiments. All values were significantly higher than the Andersen control (P < 0.001, paired t-test). When the filters were cut up and shaken, the counts in the skin fragment experiments were nine times higher with membrane filters and six times higher with gelatin filters than the counts for the respective control filters. The differences were not statistically significant.
DISCUSSION
The purpose of the present investigation was to evaluate several methods for determining the content of airborne bacteria in environments where they may cause medical problems. The methods used in this investigation have not previously been studied simultaneously in a comprehensive study.
The Andersen sampler gave the highest viable bacterial counts in all environments tested. The bacteria were counted according to the "positive hole" method (1) on all plates (13) and counts were corrected as suggested by Andersen (1) . The "positive hole" method is a count of the jets that have delivered particles containing viable bacteria. The method preferred by Andersen (1) , counting microcolonies under the microscope, was not performed due to difficulty in adjusting the incubation time to suit this method of calculation. In all experiments in this study, the Andersen sampler was used without the intake cone to lessen the cutoff of larger particles, which has been shown to be 50% for particles of a diameter larger than 12 p.m (11, 13) .
The slit sampler gave lower counts than the Andersen sampler in all environments tested. However, the difference was statistically signifi-VOL. 44, 1982 on October 19, 2017 by guest http://aem.asm.org/ Downloaded from cant only in the aerosol experiments and the cotton mill experiment. This could be due to the difference in size of the particles carrying viable bacteria. In the aerosol experiments, the majority of the bacteria-carrying particles, as measured with the Andersen sampler, were 2 ,um or less, and in cotton mills, they were 2 to 6 ,um. On the contrary, in the sewage plant and particularly in the skin fragment experiments, the particle sizes were mainly 5 pum or larger.
According to Bourdillon et al. (3), the slit sampler is not efficient for trapping small particles. The Andersen sampler, on the other hand, is designed for the collection of particles down to 1 Jim (1) .
The impinger counts in the aerosol experiments were significantly lower than the Andersen sampler values. This is probably the case in experiments with aerosols where the bacteria are mainly single-cell particles and is in accordance with the findings of Andersen (1). In contrast, broth samplers tend to give higher bacterial counts in environments where bacteria are carried as aggregates, due mainly to the fact that bacterial clusters are broken up (7) . In previous studies, broth samplers showed a higher coefficient of variability than the agar samplers, owing to the errors associated with plating out the samples (7) . This was also the case in this investigation.
The efficiency of the filters varied between the environments tested. When sampling skin fragments carrying bacteria, the membrane filters gave 1.22 and the gelatin filters gave 0.66 of the Andersen sampler count. These results are contradictory to the findings of other authors. Fields et al. (8) found that membrane filters detected 79% of the bacterial count detected with a slit sampler. Hambraeus and Benediktsdottir investigated the ability of filters to trap anaerobic airborne bacteria and found gelatin filters more efficient in sampling strict anaerobes (9) . The reason for this is not known. In sewage plant and aerosol experiments, however, the gelatin filters gave less than 0.1 of the sampler value. The bacteria in these environments are freshly aerosolized and are susceptible to hydration. This may influence the capacity of the filters.
The properties of gelatin filters have been thoroughly investigated by Koller and Rotter (10, 18) . The filtration efficiency of gelatin filters for all types of particles of 0.5 to 3 ,um was shown to be 99.9%, as tested in room air with a Royco particle counter. However, the efficiency of trapping particles does not necessarily coincide with the sampling of viable bacteria. The bacterial yield was shown to decrease with filtration time. A 60-min filtration period gave only 55% of the yield of a 1-min period. The sampling time in this study was 1 to 5 min to lessen the desiccation of the sampled bacteria, but still, the filters were not very efficient.
The difference in efficiency between gelatin filters and membrane filters in the skin fragment experiments could be due to a difference in trapping efficiency or to a variation in ability to support the growth on the filters. Koller and Rotter (10), however, found both types of filters about equally efficient with short filtration times. The experiments in which the total viable cell count was estimated showed a rising index value with increasing particle size when using the Andersen sampler. A mean of 13 bacteria was carried per particle in the cotton mill, and a mean of 147 bacteria was carried on skin fragments. The index value obtained when using filters was much less. The skin flora has been shown to consist of microcolonies with a mean of 124 or more aerobic bacteria (16) . Studies in hospital environments of Staphylococcus aureus on airborne particles have shown an average of four viable organisms per particle with a 13-p.m diameter (12) . Bacteria on skin scales are usually found in the equivalent diameter range of 4 to 20 p.m (15). May and Pomeroy (14) found a mean of 4.6 viable counts per viable particle, measured with a cyclone sampler and a slit sampler, respectively. This is, however, much lower than the values found in this study. The method of homogenizing the bacterial aggregates may be more efficient than the cyclone sampler in separating the bacteria. May and Pomeroy (14) found a rather large scatter in the results. This was also the case in this investigation.
In summary, of the samplers tested, the Andersen sampler showed the highest sampling efficiency in all environments tested, regardless of whether the majority of the particles carrying bacteria were 1 to 2 p.m in size, or mainly 5 p.m or larger. The slit sampler gave significantly lower counts in areas with smaller particles, but not in sewage and skin fragment experiments, where the particle sizes are larger. The filters were satisfactory in skin fragment experiments only.
